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A novel Monte-Carlo event generator for jet propagation in a heavy-ion collision, based on the
higher-twist energy loss formalism: the Modular All Twist Transverse-scattering Elastic-drag and
Radiation (Matter) is developed and coupled with a viscous fluid dynamical simulation of the
bulk medium, for studying jet modification in relativistic nuclear collisions. The probability of
parton splitting is calculated using a medium modified Sudakov form factor that is constructed
by a combination of vacuum and medium-induced splitting functions. Full parton showers are
simulated, including both energy-momentum and space-time evolution of all jet partons. Within
this framework, we provide a reasonable description of the nuclear modification of both single
hadrons and jets at high transverse momentum at RHIC and the LHC. The extracted jet transport
coefficients are consistent with the values constrained by the JET Collaboration.
I. INTRODUCTION
The nuclear modification of high transverse momen-
tum (pT) hadrons and jets serves as an essential signa-
ture of the formation of the color deconfined quark-gluon
plasma (QGP) in heavy-ion collisions, at the Relativis-
tic Heavy-Ion Collider (RHIC) and the Large Hadron
Collider (LHC) [1–3]. The suppression in the scaled
yield of single inclusive hadrons and jet spectra at large
pT is commonly understood as the consequence of in-
medium scattering experienced by high energy partons
produced via initial hard interaction, as they travel
through and interact with the QGP before fragmenting
into hadrons [1, 2, 4–7]. Phenomenological studies of
parton energy loss involve sophisticated calculations of
the medium modification of single inclusive hadrons [8–
11], di-hadrons [12–15], γ-hadron correlation [16–19], full
jets [18, 20–22], as well as groomed jet substructures [23–
25]. Jet-medium scatterings are governed by a series of
jet transport coefficients, among which the most com-
monly quoted parameter is the jet transport coefficient
qˆ [26, 27] that denotes the transverse momentum trans-
fer squared per unit length between the propagating hard
parton and the soft medium. A systematical extraction
of qˆ was performed by the JET Collaboration [28], by
comparing several jet quenching model calculations to
the experimental data of the nuclear modification factor
(RAA) of high pT hadrons at RHIC and the LHC [29].
Monte-Carlo event generators are essential for quanti-
tative theoretical studies of jet observables. They nat-
urally include multi-particle effects of the full parton
shower, and take into account the fluctuations of par-
ton energy loss as well as the QGP medium. Thus, they
represent an important interface between theory and ex-
periment. While event generators are well developed for
parton showers in vacuum [30–33], jet modification in
the presence of a medium is still an evolving science.
This is mostly due to the lack of a unified theoretical
approach that covers the full phase space of jet evolution
in heavy-ion collisions. Various formalisms of parton en-
ergy loss have been developed, based on different phase
space assumptions [34–37]. One may refer to Ref. [38] for
a detailed numerical comparisons between these different
approaches.
Transport models, such as Lbt [11, 19, 39] based on
the higher-twist scheme [34] and Martini [40] based on
the the Arnold-Moore-Yaffe (AMY) scheme [37], have
been developed to describe parton splittings at virtual-
ity scales t ∼ qˆτf (where τf is the formation length of
the emitted radiation). Assuming τf ∼ E/t, we obtain
t ∼ √qˆE for multiple scattering transport approaches.
These transport models usually start with vacuum par-
ton showers generated by Pythia [31] and simulate the
subsequent evolution of a fully developed shower through
the medium. An alternative way of combining medium
modification with vacuum parton showers is to intro-
duce medium-induced scatterings of jet partons between
two vacuum splittings inside Pythia, as implemented by
Jewel [41, 42]. In both cases, the splittings of partons at
high virtuality are vacuum-like and not modified by the
medium. On the contrary, Q-Pythia [43] directly mod-
ifies the Sudakov form factor embedded in Pythia such
that both vacuum and medium-induced splitting func-
tions contribute to the splitting of virtual partons, where
the medium-induced part is taken from the Armesto-
Salgado-Wiedemann (ASW) [44] scheme.
The higher-twist scheme was derived to expressly con-
sider the case where the transverse momentum of the
gluon exchanged with the medium is small compared
with the transverse momentum of the radiated gluon
k2
⊥
≪ l2
⊥
. With l2
⊥
constrained by the virtuality t of the
parton, this represents a phase where the leading par-
ton in a shower is virtual, and undergoes multiple emis-
sions, with small corrections from the scattering in the
medium. This approximation scheme allows the authors
of Ref. [45] to construct the medium modified Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) [46–49] equa-
tion for the single hadron fragmentation function. The
straightforward extension of the DGLAP formalism to
a Sudakov form-factor based event generator yields the
Modular All Twist Transverse-scattering Elastic-drag and
2Radiation (Matter) event generator [50, 51]. This event
generator simulates the splitting of partons whose virtu-
ality t &
√
qˆE. At these virtualities, the dominant mech-
anism of splitting is described using a medium-modified
virtuality-ordered shower [45, 52–54], in which, scatter-
ings in the medium produce a small variation in the vac-
uum splitting function. The setup of the formalism en-
sures that the number of splittings dominates over the
number of scatterings. Within this approach, vacuum
and medium induced radiation is accounted for simul-
taneously, and the space-time structure (including its
fluctuations) of the shower is introduced. This Matter
event generator is coupled to a hydrodynamic medium for
studying parton showers in the QGP, and provides rea-
sonable descriptions of the nuclear modification of both
high pT hadrons and jets.
At this time of writing, an overarching formalism that
combines virtuality ordered emission generators at higher
virtuality are being combined with transport based ap-
proaches at lower virtuality by the JETSCAPE Collab-
oration [55]. The goal of that effort is to engineer an
overarching event generator containing a variety of com-
ponents, each becoming active at different parts of phase
space. As a complement to that program, the current
paper aims to demonstrate the limits of the straightfor-
ward extension of the higher twist scheme to a virtuality
ordered event generator. This paper is organized as fol-
lows: In Sec. II, we present an overview of constructing
a virtuality-ordered parton shower model based on the
Sudakov form factor, and validate our Matter event
generator by comparing our parton spectra in vacuum
showers with the well established Jetset [30] results. In
Sec. III, we use Matter to calculate the nuclear modifi-
cation factor RAA and elliptic flow coefficient v2 of both
single hadrons and jets, and compare them to experimen-
tal data at RHIC and the LHC. In Sec. IV, we present
a summary and an outlook on future developments. We
also include discussion on observables that cannot be de-
scribed by this approach.
II. THE MATTER EVENT GENERATOR FOR
PARTON SHOWERS
For a hard parton produced at a point r with a forward
light-cone momentum p+ = (p0+nˆ·~p)/√2 (nˆ = ~p/|~p| rep-
resents the direction of the parton), one may construct
the following Sudakov form factor that gives the proba-
bility of no splitting through a given channel i (q → qg,
g → gg or g → qq¯) between virtuality scales t and tmax
(tmax = Q
2 the hard scale) :
∆i(tmax, t) = exp

−
tmax∫
t
dt˜
t˜
αs(t˜)
2π
1−zc∫
zc
dyPi(y, t˜)

 . (1)
Here, u, d and s are considered for quark flavors, and
zc = tmin/t˜ is taken from the kinematic constraints of
splittings, where the minimum allowed virtuality is set
as tmin = 1 GeV
2. The splitting function Pi contains
both vacuum and medium-induced contributions:
Pi(y, t˜) = P
vac
i (y) + P
med
i (y, t˜, ~r), (2)
where the medium-induced part is adopted from the
higher-twist energy loss calculations [34, 52] and treated
as a perturbation on top of the vacuum part:
Pmedi (y, t˜, ~r) =
4P vaci (y)
y(1− y)t˜
~r+nˆζ+max∫
~r
dζ+qˆ(~r+~ζ) sin2
(
ζ+
2τ+f
)
. (3)
In Eq. (3), qˆ is the gluon jet transport coefficient that de-
notes its transverse momentum broadening squared per
unit length due to elastic scattering. This is evaluated
at the location of scattering ~r + nˆζ+; τ+f = 2p
+/t˜ is the
mean formation of the splitting; and ζ+max = 1.8τ
+
f is
taken as the maximum sampled length.
The probability of no splitting through any channel is
then obtained by
∆(tmax, t) =
∏
i
∆i(tmax, t). (4)
Thus, splitting of a given parton is allowed if r >
∆(tmax, tmin) is satisfied, where r is randomly sampled
within (0, 1). And the corresponding virtuality scale
t at which the parton splits can be obtained by solv-
ing r = ∆(tmax, tmin)/∆(tmax, t). The specific channel i
through which the parton splits is then determined by
their branching ratios:
BRi(t) =
1−tmin/t∫
tmin/t
dyPi(y, t). (5)
With a selected splitting channel, the momentum frac-
tion y shared by the two daughter partons is determined
by the splitting function Pi(y). On the other hand, if
r > ∆(tmax, tmin) is not satisfied, this indicates that the
virtuality of the parton is less than tmin, in which case,
we set t = tmin.
For the first parton that emerges from the hard in-
teraction, its initial maximum possible virtuality tmax is
set as its energy produced in the initial hard scattering.
After the first splitting, y2t and (1 − y)2t are used as
the new upper limits tmax1 and t
max
2 for the two daughter
partons, from which their actual virtualities t1 and t2 are
sampled. This completes the full splitting process:[
p+,
t
2p+
, 0
]
→ (6)
[
yp+,
t1 + ~k
2
⊥
2yp+
, ~k⊥
]
+
[
(1− y)p+, t2 +
~k2
⊥
2(1− y)p+ ,−
~k⊥
]
,
from which the transverse momenta of the daughters with
respect to the parent can be obtained:
k2
⊥
= y(1− y)t− (1− y)t1 − yt2. (7)
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FIG. 1: (Color online) Quark and gluon spectra from vacuum
showers of a 200 GeV quark, compared between Matter and
Jetset.
The location of the splitting (or where the two daughter
partons are produced) is calculated via ~r + nˆξ+, where
ξ+ is sampled via a Gaussian distribution with a mean
value of τ+f :
ρ(ξ+) =
2
τ+f π
exp

−
(
ξ+
τ+f
√
π
)2 . (8)
Iteration of this splitting process generates a virtuality-
ordered parton shower starting from a single parton with
its virtuality between tmin < t < tmax, resulting in a
number of final-state partons with t = tmin.
To validate our numerical setup, we compare the spec-
tra of daughter quarks and gluons generated by Mat-
ter vacuum showers to those by Jetset [30] with angu-
lar ordering switched off in Fig. 1. The parton showers
are initiated with single quarks with a fixed energy at
200 GeV and evolve in Matter with only the vacuum
contribution to the splitting function Eq. (2). As shown
in Fig. 1, the parton spectra given by Matter simula-
tion is consistent with those from Jetset. The Matter
results were also compared to the semi-analytical solu-
tions of the DGLAP equation in prior work [50], for both
vacuum and medium-modified parton showers.
To simulate parton showers in realistic heavy-ion colli-
sions, we couple Matter to the dynamically expanding
QGP matter simulated with a hydrodynamic model. In
this work, we adopt the (2+1)-dimensional viscous hy-
drodynamic model vishnew developed in Refs. [56–58].
The QGP fireballs are initialized with the Monte-Carlo
Glauber model for their initial entropy density distribu-
tion. The starting time of the QGP evolution is set as
τ0 = 0.6 fm and the specific shear viscosity (η/s=0.08)
is tuned to describe the spectra of soft hadrons emitted
from the QGP at both RHIC and the LHC. In this work,
smooth averaged initial conditions are used for the hydro-
dynamical evolution. Possible effects of the initial state
fluctuations on hard probes observables were discussed
in Refs. [59, 60], and shown to be small.
The hydrodynamic simulation provides the spacetime
evolution profiles of the local entropy density (s) and
flow velocity (u) of the QGP. While the local tempera-
ture of the medium surrounding the jet is greater than
160 MeV, both the vacuum and medium-induced parts
contribute to the splitting function Eq. (2). We assume
that the jet transport coefficient in the local rest frame of
the fluid cell, qˆlocal, is proportional to the local entropy
density: qˆlocal = qˆ0 · s/s0. The constant qˆ0 denotes the
initial gluon transport coefficient at the highest entropy
point in central
√
sNN = 200 GeV Au-Au collisions at
RHIC, where s0 is around 96 fm
−3. This qˆ0 serves as the
single parameter in the Matter calculation. The path
length integral for calculating the medium-induced split-
ting function Eq. (3) is implemented in the center-of-mass
frame of collisions. Effects of the local fluid velocity of the
expanding medium are taken into account by utilizing the
rescaled jet transport coefficient qˆ = qˆlocal · pµuµ/p0 [61]
in Eq. (3). On the other hand, before jet partons enter
the thermal medium (τ < 0.6 fm) or after they exit the
dense nuclear matter (T < 160 MeV), qˆ is taken as 0 and
thus only the vacuum splitting function contributes to
parton showers. Within the Matter framework, elastic
drag can be applied to parton showers as well by intro-
ducing the drag coefficient eˆ, but is beyond our discussion
in this work.
III. NUCLEAR MODIFICATION OF SINGLE
HADRON AND JET PRODUCTION
In this section, we study the medium modification of
single inclusive hadron and jet production in relativis-
tic heavy-ion collisions. Energetic partons are produced
via hard scatterings at the early stage of heavy-ion col-
lisions. We initialize their production vertices with the
Monte-Carlo Glauber model, and their momentum dis-
tribution using a leading-order perturbative QCD (LO
pQCD) calculation [62], convoluted with parton distri-
bution functions via the CTEQ parametrizations [63].
The LO pQCD cross sections are multiplied by a K-
factor of 1.7 to take into account of additional contri-
butions from higher-order corrections that increase the
total yields of hard partons but minimally affect the
shapes of their spectra at high pT. The rapidity dis-
tributions of initial hard partons are assumed to be uni-
form in the mid-rapidity region (−1 < y < 1). Each
energetic parton starts with a maximum possible virtu-
ality as its initial energy square (tmax = E
2
init) and then
evolves through Matter until all daughter partons ap-
proach tmin = 1 GeV
2.
In proton-proton collisions, we only apply the vacuum
splitting function to parton showers, while in nucleus-
nucleus collisions, the vacuum plus medium-induced
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FIG. 2: (Color online) Single hadron and jet spectra in
proton-proton collisions at RHIC [66] and the LHC [67, 68].
splitting function is utilized in which the jet transport co-
efficient qˆ is calculated based on the local entropy density
and flow velocity of the QGP given by the hydrodynamic
simulation. Note that the Sudakov-based parton splitting
is only valid for highly virtual partons. Thus, we restrict
our application of Matter to partons with t > tmin. If
partons fall below tmin before they exit the QGP (more
than 1 fm away from the medium boundary), they are re-
garded as part of the medium in this work. In principle,
these less virtual partons may continue interacting with
the QGP through on-shell transport models. This will be
included in our upcoming study within the framework of
multi-stage jet evolution [55, 64]. At the end of Mat-
ter evolution, each final state parton is converted into
hadrons through a Pythia simulation [31], where the
independent fragmentation mechanism is applied. This
provides reasonable results for energetic single hadron
production. On the other hand, we re-construct jets
using the anti-kT algorithm at the parton level in this
work. Jet reconstruction at the hadron level will be im-
plemented in our future effort after the coalescence mech-
anism [65] for soft hadron production is included.
With this setup, we first present the pT spectra of sin-
gle hadrons and jets from Matter vacuum showers in
Fig. 2. They are consistent with experimental data at
both RHIC and the LHC, and therefore serve as reli-
able baselines of proton-proton collisions for our study of
medium modification in nucleus-nucleus collisions. The
nuclear modification factor RAA is utilized to quantify
the medium modification of hadron and jet production,
and the elliptic flow coefficient v2 is used to quantify the
azimuthal anisotropy of the medium modification in the
event plane. They are calculated as follows:
RAA(pT) ≡ 1
Ncoll
dNAA/dpT
dNpp/dpT
, (9)
v2(pT) ≡ 〈cos(2φ)〉 =
〈
p2x − p2y
p2x + p
2
y
〉
, (10)
where 〈...〉 denotes averaging over all hadrons or jets in-
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FIG. 3: (Color online) The nuclear modification factor RAA
of single hadron at (a) RHIC [69] and (b) the LHC [67, 70],
and single inclusive jet at the LHC [68].
side the same collision system.
In Fig. 3, we present our numerical results of single
hadron and jet RAA in 200 AGeV Au-Au collisions at
RHIC and 2.76 ATeV Pb-Pb collisions at the LHC. Two
centrality regions are included for each observable. As
shown in Fig. 3, Matter calculations provide a rea-
sonable description of both single hadron and jet RAA,
across different centralities from RHIC to the LHC. The
extracted qˆ0 values (at s0 = 96 fm
−3) of the gluon
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FIG. 4: (Color online) The elliptic flow coefficient v2 of single
hadron at (a) RHIC [71] and (b) the LHC [72], and single
inclusive jet at the LHC [73].
jet transport coefficient are 3.0 GeV2/fm at RHIC and
1.5 GeV2/fm at the LHC. These are equivalent to the
quark transport coefficient qˆq/T
3 around 5.2 at RHIC
and 2.6 at the LHC, consistent with the values con-
strained earlier by the JET Collaboration [29].
A closer investigation of Fig. 3(b) indicates our calcu-
lation may slightly overestimate the single hadron RAA
at low pT (below 20 GeV) because the parton showers at
low virtuality scale (below tmin) are not included inMat-
ter. This may underestimate the energy loss of partons
at low pT. On the other hand, such discrepancy at low
pT is not manifest in Fig. 3(a) for the single hadron RAA
at RHIC and in Fig. 3(c) for the single jet RAA at LHC.
This results from the relatively softer (more rapidly de-
creasing) hadron spectra at RHIC and jet spectra at the
LHC (as shown in Fig. 2 compared to the hadron spec-
tra at the LHC) that lead to their flatter shapes of RAA
within the pT regimes under investigation.
The elliptic flow coefficient v2 of both single hadrons
and jets are presented in Fig. 4. While our results are
consistent with experimental data at high pT, deviation
is observed as pT decreases, because of the lack of parton-
medium interaction at low virtuality scale. In addition,
non-trivial temperature dependence of the jet transport
coefficient other than being proportional to s (or T 3) may
also affect the anisotropy of jet energy loss through the
QGP [39, 74, 75]. To be clear, in these calculations, there
is no rise in qˆ/T 3 with decreasing temperature in the
plasma phase. Nor is there any cusp or bump in this ratio
in the vicinity of Tc. We do however, use two different
normalizations for RHIC and LHC energies, similar to
the work of the JET Collaboration.
IV. SUMMARY AND OUTLOOK
In this work, we have presented a virtuality-ordered
parton shower model (Matter) for high energy nuclear
collisions. Parton virtualities are sampled based on the
Sudakov form factor that is constructed by a combination
of vacuum and medium-induced splitting functions. The
medium-induced part is treated as a perturbation on the
vacuum part, and is adopted from the higher-twist en-
ergy loss formalism applied to the case of nucleus-nucleus
collisions.
The full parton splitting process is simulated by de-
termining the longitudinal momentum fractions of the
daughter partons, taken from the parent via the splitting
function. The transverse momenta of the daughters, with
respect to the parent, is determined from their longitudi-
nal momentum and their mass difference. The spacetime
structure of parton showers is built into the formalism by
sampling the propagation length of each splitting from
a Gaussian distribution with an expectation value con-
strained to the average lifetime of the virtual parton.
With this setup, each parton starts with a virtual-
ity sampled logarithmically between the maximum given
by the square of the initial energy and the minimum
tmin = 1 GeV
2. This parton splits into two partons,
whose maximum virtuality is now restricted by kinemat-
ics. The developing shower evolves through Matter
until all daughter partons approach the lower virtuality
limit tmin = 1 GeV
2. With the implementation of the
vacuum splitting function alone, Matter provides con-
sistent results with Jetset for the daughter parton spec-
tra evolving from single quarks. The pT spectra of both
single hadrons and jets from Matter vacuum showers
6are also consistent with experimental data from proton-
proton collisions at RHIC and the LHC.
To investigate the nuclear modification of hadron and
jet production in heavy-ion collisions, we couple Mat-
ter to a hydrodynamic medium that provides a realistic
evolution profile of local entropy density and flow veloc-
ity of the QGP. The local jet transport coefficient, that
enters the path integral of the medium-induced splitting
function, is assumed to be proportional to the entropy
density in the local rest frame of the fluid cell through
which the given parton propagates. It is then converted
into the global computational frame according to the
boost from fluid flow. Within this framework, our cal-
culation provides reasonable descriptions of the nuclear
modification factor RAA of both high pT single hadrons
and jets. The extracted gluon transport coefficients –
qˆ0 = 3.0 GeV
2/fm at RHIC and 1.5 GeV2/fm at the
LHC (at s0 = 96 fm
−3) – are consistent with the values
constrained by the JET Collaboration. The elliptic flow
coefficient v2 of both single hadrons and jets agree with
experimental data at high pT but tends to be underesti-
mated at lower pT. This may be partly due to the lack
of parton dynamics at low virtuality within the Matter
framework, and partly due to our minimal assumption
of the entropy density dependence of the jet transport
coefficient [76].
This work contributes to a more quantitative under-
standing of the nuclear modification of jet production
in relativistic heavy-ion collisions. It extends semi-
analytic solutions of the medium-modified-DGLAP evo-
lution equation, so that quantum fluctuations can be con-
veniently incorporated for the evolution of both thermal
media and hard probes. It also extends the medium mod-
ification of energetic partons to high virtuality scale, a re-
gion of the phase space that is usually neglected by event
generators based on lower-virtuality transport models.
On the other hand, as discussed earlier, parton showers
at lower virtuality scales are beyond the ambit of this
Sudakov-based formalism, and thus applying Matter
alone is not sufficient to describe jet observables, espe-
cially those involving a lot of low pT particles (e.g., jet
shape, jet fragmentation function etc.). A complete de-
scription of jet evolution should involve dynamics at var-
ious scales. Jet observables discussed in this work were
constructed at the parton level. Apart from the frag-
mentation mechanism for hard hadron production, the
coalescence mechanism [65] will have to be included as
well in future work on soft hadrons, to completely realize
jet production at the hadron level.
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